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I. ABSTRACT 
The effect of concentration an the viscosity of dilute and moder-
ately concentrated polymer solutions was studied for eight narrow 
molecular weight polystyrene s::unples (900c::-w::::::.l. 77xl06) in cycla-
hexane at 34.5°C ( a reported theta solvent), four polystyrene samples 
(1.5xl04<H't~<-l. 77xl06) in toluene at 30.0°C (a good solvent), and 
two fractionated polycarbonates ( Mw~2.80x105 and 1.89xl05) and two 
unfractionated polycarbonates (Mw=3.23xlo4 and 4.4xl04) in methylene 
chloride .a~ 25.0°C (a good solvent). 
The values of k' for the polystyrene samples in cyclohexane are 
about 0.59 independent of molecular weight. The values of k' for the 
polystyrene samples in toluene increase from 0 .• 32 to 0.56 as molecular 
weight decreases. The values of k' for the polycarbonates in methylene 
chloride ar~ about 0.40. 
In reduced viscosity c ~JP versus reduced concentration (c/c0 ) 
plots Baker n values increase with decreasing molecular weight. Va.lues 
of n range from 2 to 6 for the polystyrene-toluene system except for 
the low molecular weight sample for which n ';:! 20. Baker n values 
range from 3 to 6 for the polycarbonate-methylene chloride system. 
Reduced viscosity versus k'(~) c data for polystyrene in toluene 
and for polycarbonate in methylene chloride can be fit by the linear 
relation proposed by Chou and Zakin for values of c ~lp up to 1.4 or 
k'l/(Jc of 0.!1-. At higher concentrations (k'f.Y() c up to 1.3) most of 
the data for both systems fit their correlation curve with deviations 
in' ~ r of less than 7 per cent. 
A log-log plot of ~r versus cMP· 68 resulted in single curve for 
all the polystyrene in toluene data but separate curves for the high 
and low molecular v.reight polycarbonates .in methylene chloride. 
2 
II. LITERATURE REVIEW 
The most general expression for viscosity number (or '!'Cd•Jced 
viscosity) of polymer solutions is a power series function of con-
centrat:ion: 
lts- ~o 
vf c I\ o 
= 
2 +Be + Cc + ·---- (1) 
1\sp = specific viscosity 
\(. 8 = viscosity of solution 
~ viscosity of solvent 
Y\s 1 . . . tto = re at1Ve V1SCOS1ty 
-( SD) = intrinsic viscosity~ volume/weight 
c c-+-o 
c = concentration, weight/volume 
B,C = constants 
Many attempts have been made to get theoretical relations for 
the constants B~ C, etc •.• These constants are related to the 
solvent-polymer interactions. HO"t-.Tever, to date none of the theoreti-
cal predictions agree satisfactorily with experimental results. 
A. Viscosity of Dilute Solutions: 
1. Effect of Concentration 
The numerical values of G and 
such that at concentrations below 
the higher constants are 




number) against c is approximately linear1 . Huggins2 found, for a 
series of polymer fractions in the same solvent, that the slopes of 
-
1\sp linear portions of the plots of c against c (concentration) 




where ~1) ; intrinsic viscosity 
He also stated that k' (the Huggins constant) is constant for a 
given polytner-solvent system provided that the pol~er is pure and 
homogeneous with respect to molecular weight and structure. 
A linear relationship for ln }\ :r:. versus c has also been ob-c 
served in the dilute region: 
ln }\_ r 
c (3) 
Using Taylor's Series to expand the left side of equation (3) 
one can obtain: 
and 









= Y( sp 
r\sp/ £ + (~)3.£z (5) 
- ( 
c 2 c 2 
Substituting equation (2) into equation (5)~ the following equation 
can be obtained: 
ln t( 1\ r 
c 
(6) 
From equation (2) and (6) 






Tompa3 states that k" is usually numerically smaller than 
k'' that 
ln ~ r versus c plots are easier to extrapolate so the c Y{ 
than those for 
sp 
As noted earlier the limit-to c=o c versus c. 
ing value ·of each at zero concentration is the intrinsic viscosity. 
4 
\1 
~ sp ln 
j{ 
Thus by plotting both \. r c against c· on the same graph c and 
the reliability of the extrapolation to zero concentration can be 
examined. 
Chou and Zakin4 examined data for several polymers in good 
solvents over a wide range of molecular weight. They noted that 
plots of r( sp ctrp versus k'"(,Y{'J c were linear to k''(rf:tc-::;0~4. 
Since k'~0.4 in most of these systems, the 
1 .,._ • Y\ SE 
to "k.l\....\ c.::::: 1. Th~s corresponded to c (I'(J 
values of 2 .4. 
l~ggins equation holds 
values of 1.4 or Y(_ r 
Simha and Zakin5 •6 studied the solution viscosities of three 
linear flexible high pol~ners, namely polystyrene (1.5xlo4zM<6.0xlOS)~ 
poly(methyl methacrylate) (1.37xl05.t.Mc::4. 7xi05) and the azeotropic 
copolymer of styrene and methyl methacrylate (2.17xlOS<M<6.3xl05) 
in toluene, a good solvent, and also in solvents ~·lhich have been 
reported to be theta solvents.* 
From the results of their 
y(_sp 
c (reduced viscosity) versus c 
(concentration) curves at low concentrations, they observed that 
the Huggins constant, k', decreased with increasing molecular 
weight in the good solvents. For polystyrene in toluene, k 1 varied 
as about the -0.08 power of molecular weight7 These results were 
confirmed by McCormick8 • In the poor solvents, k' values were greater 
than in the good solvents, ranging from 0.61 to 0.76 but the apparent 
molecular weight dependency \vas not simple. 
Chou studied the effect of concentration on the viscosity of 
i: Polystyrene-Cyclohexane at 34.0°c9 
Polymethyl methacrylate-4-heptanone at 31.8°c10 
·copgljmer-mixtures of methyl isopropyl ketone and n-heptaneat 2S.0°c10a 
5 
four polyisobutylene samples (1.27xl04(M{l.Ox 106) in cyclohexane 
at 25.0°C, a good solvent, and in benzene at 24.ooc which has been 
reported to be a theta solvent. 7 She obtained k' values in the good 
solvent ~hich ranged from 0.30 to 0.38. In this system k' varied 
as 1r.olecular weight to about the -0.05 4 pm-1er • In benzene k' values 
r:lnged from 0. 75 to 0. 83, and again no simple molecular wieght de-
pendence was observed. For t~vo sa..-uples in cyclohexane (M=l.Olxl06 
and 1.27xl04) and one in benzene (M=8.88xl05), the }( sp versus c 
c 
data at very low concentration ( r(. r ~ 1.1) had an upward curvature. 
These points were not used in estimating values of k' and {Y(J . 
This behavior has been observed previously.11 •12 • 13 ,l4 
Orofino and Mickey15 measured dilute solution viscosities of a 
polystyrene sample (M=4xl05) in three solvents, diethyl malonate. 
cyclohexane and 1-chloro-n-undecane at their theta temperatures· 
and at several other temperatures. For polystyrene in diethyl malonate 
the values of k 1 ranged from 0.57 to 0.61 at temperatures from 44.03°C 
to 29.92°C. k' was 0.60 at the theta ten~erature 35.9ooc. For poly-
styrene in cyclohexane, the values of k' ranged from 0.35 to 0.51 at 
temperatures from 44.03 to 32.70°C and k 1 was 0.50 at the theta tern-
perature 34.8°C. For polystyrene in 1-chloro-n-undecane the values 
of k' ranged from 0. 65 to 0.70 at temperatures from 43. 990C to 27. 96°C 
and k' ·_was 0.68 at the theta temperature, 32.80°C. 
Berry, Normura and Mayhan16 studied the dilnte se>lut:i.on viscosity 
of linear flexible polycarbonates (4.4xl03<Mw(7.58xl05), 
~ ....... , ........ ut~ 
_/, 0 u ~ 0 II \ =' -if 
n 
6 
in two poor solvents, dioxane-cyclohexane and n-butylbenzyl ether 
and in one good solvent, methylene chloride. In the good solvent 
k 1 ranged from 0.35 to 0.48, increasing with decreasing molecular 
weight. The value of k' was reported as 0.5 in the poor solvents, 
independent of molecular weight. 
Cragg and Sones17 studied the Huggins constant k' and its vari-
ation with molecular weight and temperature. They showed that for 
polystyrene in cyclohexane at 35.0°C, k' increased with molecular 
weight over the range 9.5xl05 to 1.6x107, varying from 0.51 to 0.67. 
They also showed that k' decreased as temperature increased and the 
range of k' values was only 0.36 to 0.40 over the same molecular 
'l:veight range at 65.0°C. 
Gillespie18 derived a relationship showing the effect of molecu-
lar entanglements in dilute polymer solutions on values of the Huggins 
constant: 
k J = i +1. 88 ( ~ - 2 ) 
1 
(9) 
Where v2 and v1 are the equivalent hydrodynamic volumes of a 
doublet and a single polymer molecule 
of ~vhether k 1 is greater or less than 
greater or less than 2. 
respectively. Thus the question 
Vz 
0.5 depends on whether v1 is 
Berry19 pointed out that the Huggins constant should be a function 
of molecular weight. In solutions of polystyrene in decalin (a poor 
solvent at low temperature and a good solvent at high temperature) 
over a wide temperature interval (10.0°C<T<ll0.0°C), the limiting 
value at low molecular weights was about 0.50. Berry stated that 
this value might be low by as much as 0.07. Values of k' decreased with 
7 
increasing molecular weight. He also stated that in good solvents 
k' should be independent of M for M)-80,000. 
2. Effect of Molecular Weight and Solvent: 
The first empirical relation between intrinsic viscosity and 
1 1 . h h d b s d" 20 mo ecu ar we1g t was t at propose y tau 1nger 
"(l\J = Constant xM (10) 
It was later found that the well-known Hark-Houwink equation 
properly related intrinsic viscosity to molecular weight. 
(11) 
Values of "a".g~nera'lly vary between 0.5 and 0.8. Values approaching 
0.5 are interpreted to mean that the polymer-solvent interactions 
approach those expected in a theta solvent and values approaching 
0.8 are interpreted to mean that the polymer molecules are in a 
good solvent. 
Theories 21 , 22 , 23 , 24 of the frictional properties of polymer 
molecules in solution show that the intrinsic viscosity is proper-
tional to the effective hydrodynamic volume of the molecule in 
solution divided by its molecular weight. The hydrodynamic volume 
is proportional to the cube of a linear 'dimension for the randomly 
coiled chain. If ~ (mean square end to end distance) is the 
dimension chosen: 
3/2 
( ~] = ~£~-<~Y:-.L)_ 
where I is a constant. 
From experiments on models, Kuhn and Kuhn25 obtained ili=3 .4xlo21 
in the limit of large M, if (l(J is in deciliters/gram and r in 
(12) 
centimeters. • 2/.j.· The theory of Kirkt•700d and RJ.seman, · as corrected, 
gives a limiting value of ~=2 .87xlo 21 . Replacing (;2) 1/2 in 
equation (12) by c.J... (r0 2) 112 , where C( is defined as the ratio of 
-2 1/2 the root-mean-square end to end distance, (r ) , to the root-
8 
mean-square distance between the ends of the chain under unperturbed 
conditions (i.e., at the theta temperature), (~0 2) 1 1 2 , one can obtain: 
. -z 'T ~/2 (l1J ::: .!.( ;~ ) (13) 
22 26a. . Flory and Fox ' have der1ved the following equation forO( 
(14) 
where 
and v2 is the partial specific volume of the polymer, v1 is the 
molar volume of the solvent, ~1 is an entropy of dilution factor, 
and e is the temperature at which the second virial coefficient 
in the osmotic pressure concentration equation vanishes for the 
given solvent-polymer pair. According to equation (14), cl. in a 
good solvent should be proportional to about M0 •1 in the high 
molecular weight range. If a poor solvent, or a low molecular 
weight polymer is used, the dependence of o( on M is approximated 
by a lower power of M. This accounts for the variation in a in 
the Mark-Houwink equation. For the theta temperature,equation (13) 
3/2 1/2 
M (15) 
Thus it is seen the intrinsic viscosity is higher in a good solvent 
than in a poor solvent. This has been confirmed by numerous in-
vestigations for a wide variety of polymers. 
B· Viscosity of Concentrated Solutions: 
Weissberg, Simha and Rothman27 studied the effect of concen-
tration on the viscosities of solutions of three polystyrene frac-
tions (M=S.80xl04 , 1.46xlo5 , and 6.0xl05) in three solvent systems 
(toluene, methyl ethyl ketone, and a mixed solvent of 90% methyl 
9 
ethyl ketone, 10% isopropyl alcohol) at two temperatures (30.0°c and 
0 48.2 C). Relative viscosities ranged from 1.03 to 43. Their data 
for polystyrene in the poor solvents were well rep~esented over 




where k is a parameter dependent on the polymer-solvent system. 
Spencer and Williams28 also used the Martin equation in their 
study of the viscosity of concentrated solutions of five polystyrenes 
in toluene, a good solvent. They claimed that the Martin equation 
held for concentrations of 1 to 20% for !)'(J of 0.6 to 1.45. 
27 i(sp 1,;eissberg, et al. used plots of --:---.o....::--~ 
c( r( ) versus c/c0 to 
depict their data. c 0 is the concentration at which the polymer 
molecules just begin to overlap if they are packed in hexagonal 
close packing and if the molecular volumes are the same as at in-
finite dilution. c/c0 is therefore a reduced concentration re-
lated to the volume fraction pervaded by the polymer coils. 
10 
Sit.TJha and Zakin5 ' 29 used the root-mean-square radius of gyration, 
-z 
"'hich is r for a Gaussian coil a.s the radhJS in estimating Co· From 
the Fox-Flory equation (12), they obtained: 
1.08 
co = (~J 
Another equation used to describe the effect of polymer concen-
tration on solution viscosity is the Baker equation. It can be 
written in the reduced form 
1 ( (1+ (17) 
c tY(:r 
where n is the Baker constant. 
While no polymer-solvent system data have been found to fit the Baker 
equation with constant n over a wide range of concentrations, the 
family of curves described by this equation with different values of 
n provides a convenient reference for describing any particular set 
of data. As n goes from 0 to co , the slopes increase. Negative 
values of n give steeper curves, increasing in slope as n goes from 
-co to 0. 
Weissberg, et a1. 27 plotted Y{ sp c versus c for their polysty-co 
rene samples and found that the Baker constant is slightly dependent 
on temperature and on molecular weight for their good solvent (toluene) 
and greatly dependent on temperature and on molecular weight for poor 
solvents. 
Using the srune type of reduced viscosity-concentration plot, 
Si1nha and Zakin5 ' 6 observed a systematic increase in slope with de-
creasing molecular weight in toluene, a good solvent for their three 
polymers. However for molecular weights above 105 this effect was 
11 
small. The range of their Baker n values was 2 to 6. They also found 
the reduced curves for polystyrene in cyclohexane at 34.0°C were 
steeper than those in toluene and the n values ~vere always negative. 
Chou 7 piotted reduced viscosity-concentration curves for poly-
isobutylene solutions. In cyclohexane at 25.0CC a good solvent for 
polyisobutylene, the data fell in the region of Baker n values of 2 
to 3 while in the reported theta solvent, benzene at 24.0°C,the Baker 
n values were -3 to - ~ • 
Chou and Zakin4 •7 also plotted their good solvent data and those 
27 629 Xsn 
of Weissberg, et al. and Simha and Zakin ' $ cT~.::..t:..] versus k 1 (1-f)' c. 
As stated earlier, the data were linear with little scatter up to 
values of k' ll-{) c of about 0.4, or c ~;r values of nearly 1.4. 
At higher values.of k'(~Jc more scatter was observed but the maximum 
deviation in yt r of any point from the drawn curve was 10% in the 
range of k' (Y{) c studied (up to 1.4). They also plotted~ ~~lp 
versus ~ c< (modified reduced concentration). The expansion factor, 
0 
- ( J{J 1 
cJ. , was taken as lJ:tcJeJ:r- ·A single curve appeared to fit all of 
.the polyisobutylene in cyclohexane data and all but the very low 
molecular weight polystyrene in toluene data. The data for the low 
molecular weight polystyrene (1.5xl04) in toluene and for the two 
samples of polymethyl methacrylate in toluene lie above this curve. 
Those three samples had the highest Baker n values of those studied, 
the values varying from about 3.5 to 6. All of the other samples 
had Baker n values between 2.5 and 3.5. 
Ferry, et a1. 30 studied the viscosities of concentrated solutions 
of five samples of polyisobutylene in xylene, three samples in decalin, 
and one in a mixture 
Plots of log 
of 69.9% decalin and 30.1% cyclohexane, all at 
1 
1\r versus c7 showed a regular dependence 
viscosity on molecular weight. Their plots of log 
of 
1 
"f Y\_ r versus c 
12 
had a decreasing slope at very high concentrations and an increasing 
slope at low concentrations with a nearly linear inflection r2gion 
between them. They also plotted log 1{ r versus M at constant high 
concentrations and obtained a slope of 3.4. All of these data could 
be represented by a single function when log 
1 
L4 was plotted against 1\ r 1 
(cM0.68)2. For relative viscosities greater than 100 and (cM0 · 68)2 
values of about 18 (c in g/cc), yt r varied as the 5.0 power of the 
concentration, and the 3.4 pmver of molecular weight. In a later 
paper31 , it was shown that different lines were obtained for poly-
styrene in decalin and in xylene. Thus, the single function obtained 
for polyisobutylene in three different solvents was fortuitous. 
7 The polyisobutylene data of Chou on fractionated samples were 
also plotted as log ·Y( r versus log cM0.6B. Mw The ratios of Mn for 
these samples are not known. tn cyclohexane at 25.0°C, a good solvent, 
all the data lay on a single curve up to the highest concentrations 
measured (7 g/dl) and the highest relative viscosities (30). The 
results for polyisobutylene in benzene, a poor solvent,gave separate 
curves for each molecular weight. 
Similar plots for polystyrene in methyl ethyl ketone at 48.2°C 
and the copolymer in toluene at 30.0°C gave curves which were inde-
pendent of molecular weight. However for two samples of polystyrene 
0 in methyl ethyl ketone at 30.0 C and two samples of poly(methyl metha-
crylate) in toluene at 30.0°C the molecular weight effects were not 
fully accounted for by this method of plotting. 
13 
Because of the limited data available to test the generality of 
the viscosity-concentration relationships in the literatur8, an ex-
perimental study of three polymer-solvent systems was undertaken. 
Viscosity-concentration measurements for polystyrene in cyclohexane 
at 34.5°C and in toluene at 30.0°C and for polycarbonate in m.~thylene 
chloride at 25.0°C were made in an attempt to answer the following 
questions: 
1. Is the Huggins constant, k', in the polystyrene-cyclohexane 
system close to the theta temperature equal to 0.5 or can it exce~d 
0.5, and is it molecular weight dependent? 
2. What is the molecular 'tveight dependency of the Huggins con-
stant, k', in good solvents? 
3 • Is the universal curve c 1 ,Qp versus k' -('1_:;r c obtained by 
Chou and Zakin4 for several polymers in good solvents applicable to 
the flexible polycarbonates and to a wide molecular weight range of 
narrow distribution polystyrenes? 
4. Can the viscosity-concentration data for each polymer-good 
solvent system be represented by a single function of log Y( r versus 





In this investigation viscosity-concentration measurements in 
the dilute and moderately concentrated range were made for essentially 
rnonodisperse polystyrene samples in toluene at 30.00C (a good solvent) 
and in cyclohexane at 34.5°C (reported to be a theta solvent) and 
£or polycarbonate samples in methylene chloride at 25.0°C (a good 
solvent). The samples studied are shown in Table 1. The polystyrene 
samples were prepared and characterized by Pressure Chemical Co., 
Pittsburgh, Pennsylvania by anionic polymerization. The polycarbonate 
samples were obtained from Hellen Institute, Pittsburgh, Pennsylvanla. 
Samples 3L-2, 3L-3 were fractionated from a sample prepared at the 
General Electric Company. Samples :t-121037 and 1'121046 were unfrac-
-cionated samples prepared by Hobay Chemical Company. 
2. Solvents 
Cyclohexane solvent (Fisher certified reagent) was distilled 
and only the middle parts were used in the experiments. Toluene and 
methylene chloride (Fisher certified reagent) were used as received. 
Measured values of the viscosity and density of solvents are given 
in Table 2. 
TABLE 1 
Polymer Systems Studied 
Mw of Polystyrene Mw of Polycarbonate 
Cyclohexane Toluene Mw Methylene Chloride Mw 
at 34.5°C at 30.0°C Mn at 25.0°C Mn 
L P.C.llJA 1. 77xl06 1. 77xlo6 1.08 
2 P.C.l3A 6.33xl05 1.06 
3 P.C.lA 1.60xlo5 l.60x105 1.03 
4 P.C.7A 5.15xl04 5.15xlo4 1.03 
5 P.C.2A 1. 96xl04 1.02 
6 P.C.lOA 1.50xl04 1.02 
7 P.C.SA 1.00xl04 1.02 
8 P.C.l2A 1.50xl03 1.04 
9 P.C.l5 0.90xl03 1.03 
10 3L-2 2.80xlo5 1.47 
1.89xlo5 ...... 11 3L-3 1.29 Ul 
12 M21037 4.40xlo4 
13 M21046 3.23xlo4 
TABLE 2 
Physical Properties of Solvents 






















1. Canstant Temperature Water Bath 
Since viscosities of polymer solutions are very sensitiv~ to 
changes in temperature, a constant temperature bath capable of hold-
ing temperature to within+ 0.02°C was used. During the experiments, 
two thermometers were used, one with a range of 18.0°C - 30.0°C and 
graduations of 0.01°C, the other with a range of 0.0°C - 100.0°c and 
graduations of 0.02°C. 
2. Viscometers 
Three calibrated Cannon-Ubbelohde Semi-Micro Dilution Viscometers33, 
sizes'SO, 100, and 200 were used in this investigation. All had 20cc 
-·-...---.-~~·,.-- -..... """"'·--"" 
dilution bulbs. The viscometers were calibrated with standard oils 
S-3 and S-20 purchased from the Cannon Instrument Company and the 
results are given in Tables3 and 4. Values of the viscometer con-
stant, A, were in good agreement with calibration results from Cannon. 
Kinetic energy corrections, B, were also obtained and are presented 






Calibration of Viscometers 















Viscometer Capillary Efflux Bulb Viscometer Constant 
Length Volume cc A* B* ** Acannon 
mm 
s-50 95 l.O 0.003809 0.5938 0.003805 
S-100 95 1.0 0.15275 0.5313 0.015288 
S-200 95 1.0 0.10926 0.3984 0.11030 
Flo'll time was measured by an accurate electric clock. A standard 
Electric Model S-10 Timer was used in this investigation. The clock 
had 0.1 second graduations and counted up to 1000 seconds. The esti-
mated error in the timing measurement was about 0.1 seconds. 
In the viscosity measurements the most serious problem is the 
entry of foreign particles into the viscometer which affect the flow 
times. To avoid evaporation and prevent dirt from entering the vis-
cometer, a closed system was used in this work (Figure 1). To remove 
dust from the solution before charging to the viscometer a special 
*** filter adapter (Figure 2) was used. A hypodermic syringe connected 
to the adapter was used to deliver the solution to the dilution bulb. 
*coraputations are described in appendix 1, page 52 
**Data given by Cannon Company~4 
~~Gelman Instrument Company, 600 S. Wagner Road, Ann Arbor, Michigan. 
Filter membranes, type GA-6, having 0.45 micron diameters pore size 
holes were used. 
1.9 






DILUTION BULB __.. 
EFFLUX 1• 
BULB 
·.-:::-- VENT TUBE 
CAPILlARY TUBE 
Figure 1. Ubbclohde Viscometer With Closed System 
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-,-==:;::::> 
....,.,._....,,... PLUG . 
TEFLOi'l' 0-RING 
----~----· c~---- 11EHBRA11E FILTER 
SUPPORT SCREEN 
BASE 
Figure 2. Disassembly of Gelman Hypodermic Adapter 
In order to keep th~ polystyrene in solution in cyclohexane, 
the solution was kept in an air circulation oven several degrees 
above the reported theta temperature. The pol~ner solution was 
stirred by a magnetic stirrer with variable speed and heat control. 
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Densities of all solutions were measured with a 5 ml calibrated 
Lipkin pycnometer. The relationship between volume and experimental 
readings is as follows: 
V = 5.0134 + 0.00788 R 
where V is volume, centimeter3 
R is the pycnometer reading 
C. Experimental Procedure 
1. Solution Preparation 
Solutions were prepared by weighing polymer in a tared dry small 
flask and then adding solvent to the desired volume. A magnetic 
stirring bar ••as placed inside the flask 'tJhich was placed on top of 
the stir-plate. The whole assembly was placed in an oven whose tem-
perature could be controlled. The solution in the flask was stirred 
for one or more days until the polymers appeared to be dissolved. 
The concentrations of the master solutions were selected to give 
relative viscosities near 80. For polystyrene in toluene~ the plot 
of log }\ r versus log CM0 · 68 (Figure 9 in reference 7) was used for 
estimation work. 
2. Viscosity Measurement 
The method of determining the viscosity was the S8llle as described 
by M. R. Cannon35. All polymer solutions and diluting solvents were 
added to the viscometer through the filter syringe, and the viscometer 
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was kept closed all the time. About 2-3 ml of polymer solution was 
required to obtain the first r~ading. The solution in the dilution 
bulb was forced into the efflux bulb by pressure from a nitrogen gas 
cylinder. The time of flow of solution for each concentration was 
measured five times. After taking five readings, the solution was 
diluted with a weighed mnount of filtered solvent. The viscometer 
was removed from the bath and shaken to mix the solution thoroughly. 
The solution was forced into the vent tube and efflux bulb to wash 
down any residual concentrated solution adhering to the w·all of the 
tube. About 15-20 minutes was allotved for mixing of the diluted 
solution and for reaching equilibrium with the bath temperature. 
Viscosity-concentration measurements were made at four to six dif-
ferent dilutions. After a set of observations was taken, the solu-
tion from the viscometer was emptied into a volumetric flask. The 
viscometer tvas rinsed three times 1-1ith solvent and dried by blowing 
filtered N2 gas through it. Sometimes the viscometer was filled with 
a good solvent and left over night for dissolving any residual polymer 
solute in the viscometer. The viscometer calibration was checked by 
measuring the solvent efflux time before· beginning a new series of 
runs. 
3. Density Measurements 
The density of polymer solutions is independent of the polymer 
molecular t·Jeight and depends on concentration only. Polymer solutions 
of various concentrations were studied using cyclohexane, toluene and 
methylene chloride as solvents. Densities of these solutions and of 
the pure solvents were measured using the Lipkin pycnometer and the 
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follmving equations relating densities to concentrations were obtained: 
Polystyrene in cyclohexane solvent at 34.5°C 
to = 0.7650 + 0.0018 c 
Polystyrene in toluene solvent at 30.0°C 
f = 0. 85 65 + 0 . 00 23 c 
Polycarbonate in methylene chloride at 25.0°C 
~ = 1.3280 - 0.0045 c 
where c is concentration, grams/dl 
f is density, grams/cc. 
The co.1centration ranges for the above equations are: 
polystyrene in cyclohexane up to 7 g/dl 
polystyrene in toluene up to 30 g/dl 
polycarbonate in methylene chloride up to 12 g/dl. 
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IV. RESULTS ~~D DISCUSSION 
A. Huggins Constant and Intrinsic Visccsity 
Huggins .claimed that the Huggins co,::stant is independent of 
molecular weight for a given polymer-solvent system at any ten1per-
ature. Values of k' and ku are obtained by dividing the slope of 
r\sp d ln Vlr 2 the linear portion of the c an c ersus c curve by {~) . 
Calculated values of k', k" and l'{J for eight polystyrene samples 
in cyclohexane at 34.5°C, four polystyrene san1ples in toluene at 
30.0°C, and four polycarbonate samples in methylene chloride at 
25.0°C are given in Tables 5-7. 
All of the data used for obtaining k 1 and k" and (t{,J values 
in the good solvents were below c {7(1 =f. Relative viscosities were 
* less than 2.0 for all of the poor solvents and less than 2.3 for 
the good solvents. Confidence ranges for k' and k" were estimated 
by dividing the maximum absolute values 
slopes of ~ sp versus c and ln }~r 
of the linear least squares 
versus c by the minimum 
value of '(}\J 2 and by dividing the minimum absolute value of the 
slopes by the square of the maximum value of {~) 2 . Maximum and 
minimum values were taken at the 95% confidence level. Non-symmetrical 
intervals were taken as equal to the larger value. The resulting 
confidence intervals for k' and kn are conservative at slightly above 
36 
the 90% level. 
For polystyrene in cyclohexane (Table SA) k' was about 0.59 al-
most independent of molecular weight. Simha and Zakin6 obtained k' 
values in polystyrene-cyclohexane solutions at 34.0°C of 0.61-0.76, 
*The last point for Mw = l. 77xl06 in toluene had !( r == 2.8 and c ''(YlJ = 1.2. 
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w·hile Cragg and Sones results ranged from 0.51 to 0.67 at 35.0°C. 
Orofino and Mickey15 observed a value of 0.50 for their polystyrene 
sample (M==4x105) in cyclohexane at 34.8°C. Altares, et al. 37 studied 
a number of polystyrene-cyclohexane systems at 34.5°C over the molec-
ular weight range of 4.5xl04~M<:l.6xl06. Their values of k' varied 
from 0.60-0.70 as molecular weight decreased. 
The wide confidence intervals for the k' values reported here 
and the ranges of values obtained in other investigations are indica-
tive of the difficulties in obtaining accurate 
solvents. This is due to the small slopes of 
~ 
values of k' in poor 
~sp versus c lines 
at low concentrations in these solvents. Even small confidence 
intervals in the slope are a high percentage of the value of the 
slope. This, together with the high per cent of uncertainty in the 
values of f~) in poor solvents, gives large uncertainty in the k' 
values. 
In addition, Berry19 pointed out that in 
values of 0.2 to 0.5 the relationship between 
the range of c (I\) 
){sp 
c - and c for poor 
solvent may be parabolic and a linear fit could lead to low values of 
(l{~ and high values of k'. 
The k" values in Table SB are small, with most confidence inter-
vals about the same magnitude as the k 11 value. Values of k' obtained 
from (0.50-k") range from 0.52 to 0.44 with no apparent molecular 
weight dependence. Hmvever, in view of the wide confidence intervals 
of the k" values, there is no clear indication that k' values .esti-
mated from k" differ from 0.50. 
TABLE SA 
Summary of Viscosity Data for Polystyrene in Cyc1ohexan.e 
Mw i){} 95% Confidence Slope 95% Confidence 
dl Interval for {11) dl f Interval for Slope g ( -g-
9.00xlo2 0.040 0.0002 0.000956 0.000040 
1.50xl03 0.046 0.0008 0.00127 o.ooou 
j l.OOxlo4 0.088 0.002 0.00484 0.00034 
L96x104 0.126 0.003 0.00912 0.00088 
5.15x1o4 0.194 0.004 0.0215 0.0021 
1.60xl05 0.343 0.012 0.0694 0.0110 
6.33xl05 0.662 0.004 0.2585 . 0.0060 


























Summary of Viscosity Data for Polystyrene in Cyclohexane at 3/+ .soc 
Mw '(Y(} 95% Confidence Slope 95% Confidence k" 90% Confidence 36 
dl Interval for'(~j ( di )2 Interval for Slope Range for k" g 
9.00xlo2 0.040 0.0001 0.000387 0.000120 -0.024 ±o.oo7 
1.50xl03 0.046 0.001 0.000185 0.000138 -0.009 ±o.066 
l.OOxl04 0.090 0.002 -0.00220 0.00035 0.028 ±o.·o44 
1.96xl04 0.129 0.002 -0.00106 0.00069 0.064 ±o.061 
5.15xl04 0.197 0.004 -0.00161 0.00186 o .ol!.2 ±o .ot~s 
1.60xl04 0.348 0.009 -0.0402 0.0084 0.033 ±o .on 
6.33xl05 0.678 0.005 -0.0242 0.0080 0.049 + -0.020 
1. 77xl06 1.124 0.016 -0.0333 0.0494 0.027 + -0.040 
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The values of k' for polystyrene in toluene in Table 6A range 
from 0. 56-0.32, decreasing with increasj.ng molecular weight. The 
confidence intervals of the observed values are very small. The 
values of k' in this work are in general agreerr.ent with the data of 
Zakin5 except that the low molecular weight sample (1.5xl04, :Hw/Mn;:.:;:.l.02) 
has a higher value of (0.56) than he obtained (0.46) for the same 
molecular weight but an Mw/Mn ratio which was probably greater than 
used here. For the three highest molecular weight samples reported 
here, k' varies as the -0.07 power of molecular weight. Chou and 
Zakin reported a -0.08 power dependency. Also, McCormick8 reported 
a k' value of 0.51 for a polystyrene sample of molecular weight 
1.05xlo4 (Mw/Mn=l.64) in toluene at 25.0°C. Thus, it appears that 
k' may be sensitive to molecular weight distribution as well as to 
molecular weight at these low molecular weights. Berry suggested that 
k' values for polystyrene in toluene at very low molecular weight 
might be as high as 0.57. 
The k" values in. Table 6B increase with molecular weight from 
0.06 to 0.15 leading to k' estimates of 0.44 to 0.35. There is a 
reasonably good check of these k' estimates with values obtained from 
1{ sp the -c versus c data for the three highest molecular weight samples 
but a poor check for the 1.5xl04 molecular weight sample. 
Values of k' for both the fractionated polycarbonate samples in 
methylene chloride and the unfractionated samples are near 0.40 
16 (Table 7A), the same as obtained by Berry, et al. Values of k' 
calculated from k" values (Table 7B) are in good agreement with 
those obtained from }\sp c versus c data. 
TABLE 6A 
Summary of Viscosity Data for Polystyrene in Toluene at 30.0°C 
Mw t.i{J 95% Confidence Slope 95% Confidence k' 90% Con£idence36 
dl Interval for tt() ( 'if )2 Interval for Slope Range for k 1 T 
1.50xlo4 0.146 0.001 0.00856 0.00029 0.56 ±o.o4 
5.15xl0 4 0.281 0.003 0.0341 0.0020 0.43 ±o .. o3 
1.60xlo5 0.640 0.007 0.157 0.011 0.38 ±o.o4 
l. 77x1J(6 3.62 0.02 4.225 0.079 0.32 ±o.o1 
Summary of Viscosity Data 
Mw tY(:X 95% Confidence slopz 
dl Interval forr.t(J (El) 
1.50xlo4 0.128 0.002 -0.00095 
5.15x104 0.283 0.001 -0.00888 
1.60x1o5 0.641 0.00523 -0.0549 
1. 77xlp:6' 3.58 0.0353 -1.882 
TABLE 6B 
for Polystyrene in toluene at 
95% Confidence 




















Summary of Viscosity Data for Polycarbonate in Methylene Chloride at 25.0°C 
Mw 1)() 95% Confidence Slopz 95% Confidence k' 90% Confidence 36 
dl Interval for(l() ( dl) Interval for Slope Range for k' g 
3.23xlo4 0.564 0.017 0.1319 0.0232 0.42 to.11 
4.40xl04 0.758 0.028 0.2263 0.0379 0.39 "to .11 
1.89xl05 2.57 0.15 2.764 0.633 0.42 -to .17 
2.80xl05 3.20 0.15 4.374 0.842 0.43 + -0.13 
TABLE 7B 
Summary of Viscosity Data for Polycarbonate in Methylene Chloride at 2s.ooc 
Mw . Ll'(} 95% Confidence Slope 95% Confidence k" 90% Confidence36 
dl Interval fort'll ( ~1 f Interval for Slope Range for k" g 
3.23xlo4 0.566 0.013 -0.0380 0.0177 0.12 + -0.05 
4.40xlo4 0.753 0.018 -0.0561 0.0242 0.10 -to.o4 
1.89xl05 2.58 0.10 -0.796 0.432 0.12 '±-0.06 
2.80xl05 3.23 0.09 .. 1.260 0.522 0.12 !0.05 
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Thus, except for low molecular "tveights, k 1 val;1es for the good 
solvents are belmv O.SO and for the poor solvents they are 0.50 or 
above. This type of behavior has been observed for polystyrene in 
a poor and in a good solvent by Simha and Zakin6 , for polycarbonate 
15 in two poor solvents and in a good solvent by Berry, et al., and 
for polyisobutylene in a poor solvent and in a good solv~nt by Chou7. 
Gillespie18 pointed out that k' might be greater or less than 
0.5 depending on the ratio of the hydrodynamic volume of a doublet 
and a single polymer molecule. According to his model, we may con-
clude that in good solvents, VZ (ratio of hydrodynamic volume of a 
VI 
doublet to a single polymer molecule) is always less than 2 with 
the possible· exception of low molecular weight (narrow molecular 
weight distribution) polymer, while in poor solvents V2 appears to 
vl 
be two or larger than two. However because of the difficulty ia 
obtaining accurate k' values in poor solvents, no firm conclusions 
can be drawn and the value of 0.50 (obtained by Altares and by 
Orofino and Mickey) may be the limiting value for k'. 
B. Dimensionless Viscosity-Concentration Curve 
In order to compare viscosity-concentration data on samples of 
different molecular weights and in different solvents, the experi-
mental results of this investigation are plotted in the reduced form 
Y\. sp 27 
of c (t\.f versus c/c0 suggested by Weissberg, et al. in Figures 3, 
4, 5 and 6. The reduced Baker equation, Equation 17, is also plotted 
on the figures for several values of n to compare the locations of 
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FIGURE 3. Reduced Viscosity-Concentration Curves For Polystyrene in Toluene at 30.0°C 
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• Mw = 3.23xlo4 
., Hw = 4.40xlo4 
9.0r A Mw = ·1.89xl05 
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FIGURE 6. Reduced Viscosity-Concentration Curves For Polycarbonate in Methylene Chloride at 25.0°c 
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Figures 3 and 4 fall in the region of Baker n values of 2 to 6 except 
for the 15,000 molecular weight sample which had n values up to 20. 
Thus, at higher concentrations also, this narrow distribution sample 
showed much more sensitivity of viscosity to concentration than ob-
served by Zakin for a broader distribution sample of the same average 
'rlsp 
molecular weight. The slopes of the c '('r(.J versus c/c0 curves for 
the polystyrene-toluene polymer system show a systematic increase 
with decreasing molecular weight. However, for molecular weights 
above 1.6xl05 this effect appears small. 
Simha and Zakin6 studied several polystyrene-toluene solutions, 
and their reduced viscosity-concentration curves are similar to those 
of this investigation except that slopes reported here are slightly 
steeper. This may be because their samples had molecular weight dis-
tributions which \vere broader than those used in this investigation. 
They pointed out that the steeper curves for low molecular weights 
may be due to the higher absolute concentration at a given c/c0 
value for low molecular weight samples, or to variations in the re-
1 ationship between c0 and (1-(J at low molecular weights. 
For both the fractionated and the unfractionated polycarbonate 
samples in methylene chloride at 25°C, Baker n values are between 
2 and 6 (Figures 5 and 6). The slopes of t{ sp versus c/c0 in the 
c Pi.) 
polycarbonate-methylene chloride system also show a systematic in-
crease with decre::tsing molecular weight. 
The good solvent data for polystyrene and polycarbonate were 
plotted as c~J versus k'(~} c in Figures 7 and 8 as suggested 
4 by Chou and Zakin • The data fit a straight line up to values of 
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Figure 7. Reduced Viscosity Versus k '(1-(l c Curve for Polystyrene 
in Toluene at 30.0°C 
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Figure 8. Reduced Viscosity Versus k 1{1)c Curve for P~lycarbonate 
in Methylene Chloride at 25.0°C 
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l'tsp k '(>i.) c of nearly 0.4, or cOt)" values of nearly 1'.4 for both systems, 
a result observed by those authors. At higher values of k 1{J1.J c more 
scatter is observed. For polystyrene in toluene, the maximum devia-
tion in Y(r of these data from the Chou-Zakin curve is 15 per cent. 
However, this largest deviation is for the low molecular weight (narro>v 
distribution) polystyrene sample. All other deviations from their 
c11rve are less than four per cent in the region of k'l)tJ c up to 1.3 
which is the maximum value for the data they plotted. For polycar-
bonate in methylene chloride, the maximum deviation in l\r of these 
data from the Chou-Zakin curve is 7 per cent in the same region. 
C. Relative Viscosity-Concentration Curve 
The plot used by Ferry, et al. 30 and by Chou and Zakin4, log }(_ r 
versus log c~.68~ is shown in Figures 9 and 10 for the data of this 
study. The data for the polystyrene-toluene solutions lie on a single 
curve for relative viscosities up to 80 and concentration up to 28g/dl. 
These results check the Chou and Zakin plot of earlier data for this 
system shown in Figure 9 and extend the curve to higher measured 
values of yt r• 
In the polycarbonate-methylene chloride solutions, the data for 
both the fractionated polycarbonates are fit by one curve and data 
for the unfractionated samples by a second line. 'fhe fractionated 
samples lie on a curve above that for the unfractionated (lower 
molecular weight) samples. The reasons for this separation are open 
to discussion. It is possible that the estimated molecular weights 
for the broad distribution sample are not correct. They were esti-
mated from measured intrinsic viscosities by interpolation of the 
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intrinsic viscosity-weight average molecular weight data of Berry, 
et al. for fractionated samples. 
This procedure was necessary but is suspect since the intrinsic 
viscosities of the unfractionated polymers lie within the region 
\Jhere the onset of partial free draining has been observed.l6 Thus, 
samples with broad molecular weight distributions such as these un-
fractionated sarrples may contain substantial amounts of partially 
free draining molecules. Chou and Zakin showed that a constant "a" 
value in the Mark-Houwink equation of about 0.7 is probably necessary 
for the cM· 68 correlation to be valid. Therefore, the observed sep-
aration of the curves might be expected since the value of "a" changes 
in the region of the onset of free drainage.* 
In order to avoid the difficulties encountered in interpreting 
molecular weight effects when broad distribution sa~ples are studied, 
it would be desirable to obtain narrow fractions in the low molecular 
weight range. Although fractionation of low molecular weight poly-
carbonates by conventional means is difficult because of crystalli-
zation in solutions containing non-solvents; fractions should be ob-
tained (chromatographically if necessary) in order to adequately 
test the effects of molecular weight distribution and the onset 
of . partial free draining. With the fractionated samples it would 
also be possible to validly correlate these effects with interaction 
and thermodynamic parameters. 
*However, at higher molecular weights (250,000-300,000), bulk·polymer 
with Mw/Nn greater than 2 and frac5~onated samples with Mw/Mn of 1.2 
to 1.3 had the same values of "a". In this molecular weight range, 
any free draining effects in the low molecular weight portion of the 
broad samples were apparently small. 
100 r,--------------------------------------------------------------------------~ r 'j r ,_ 
r ~j 
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FIGURE 10. Rcolative Viscosity - c1:10 • 68 Curve For Polycarbonate in 





The Huggins constao.t for polystyrene in cyclohexane at 34.5°C, 
a poor solvent, was observed to be about 0.59 independent of molecu-
lar weight for eight samples. However the confidence intervals for the 
individual samples were so broad that it cannot be stated unequivocably 
that k ' 1.'s h 5 • greater t an 0 .. 
For polys.tyrene in toluene at 30.0°C, a good solvent, the Huggins 
constant decreased as molecular weight increased. Values of k' ranged 
from 0.56 to 0.32. These values had narrow confidence interva~and 
so are tnore reliable than those in cyclohexane. The highest k' value 
was for a sample of molecular weight 15,000, with a very narrow molec-
ular weight distribution. 
For polycarbonate in methylene chloride at 25.0°C, a good solvent, 
the values of k 1 are::= 0.40 with no apparent molecular weight dependency 
confirming the results of Berry, et al. 
The dimensionless . . Ylsp Vl.SCOSl. ty, c t,l'(, J , versus reduced concentration, 
c/c0 , curves for polystyrene in toluene show increasing slopes as molec-
ular weight decreased. Baker n values ranged from 2 to 20 as molecular 
weight varied from 1.77xlo6· to 1.5xl04 . Similar plots for polycarbon-
ate samples in methylene chloride gave a similar molecular weight de-
pendency with Baker n values ranging from 3 to 6 for molecular weights 
of 2.80xl05 to 3.23xl04 . 
Plots of dimensionless viscosity versus k'it\) c for polystyrene 
. Y\..sp 
and polycarbonate in good solvents. are l1.near up to values of c '(.)'1. J 
of 
of 
nearly 1.4 or k'{t(}c values of nearly 0.4. Up to values of 
1 3 ( ~ sp values up to 2. 8) the maximum deviation in y{. r 




point for these systems from the relationship reported by Chou and 
Zakin is 7 per cent except for the lowest molecular weight polystyrene. 
Pl f 1 u 1 M0 • 68 f 1 ots o og '\r versus og c or po ystyrene in toluene 
fit the curve for earlier data reported by Chou. A similar plot for 
the polycarbonate-methylene chloride data gave two curves, one for 
high molecular weight fractions and the second for the broad distri-
bution low molecular weight samples. Additional data on narrow 
fractionsare necessary to explain this deviation. 
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VI. NOTATION 
a = exponent in Mark-Houwink equation 
A = viscometer constant 
B = constant in viscosity number equation 
B = viscometer kinetic energy correction constant 
c : concentration weight/volume 
critical polymer concentration, grams/deciliter 
c = constant in viscosity number equation 
Cm == polymer-solvent interaction constant 
k = constant in Martin equation 
kt ;:;: Huggins constant 
ku = const;:?nt in equation 3 
K = constant in Mark;:;Houwink equation 
M = molecular weight 
Mn = number average molecular weight 
Mw = weight average molecular weight 
n = constant in Baker equation 
= mean square end to end distance 
= mean square end to end distance based on random flight statistics 
R = reading in Lipkin pyconometer 
;2 = mean square radius of gyration 
t = time, s.econds 
T = temperature, OK 
NOTATION (cont.) 
V = volume of Lipkin pyconometer 
vl -· molar volume of solvent 
vl = 2quiv~leat hydrodynamic volume of a single polymer mo~ecule 
V2 = equivalent hydrodynamic volume of pol~ner doublet 





C{ = expansion factor 
~ = viscosity, centipoises 
·~r = relative viscosity 
~sp = specific viscosity 
l~ = intrinsic viscosity, deciliters/gram 
e = theta temperature, °K 
y = kinematic viscosity, centistoke-; 
(fJ = density, grams/cc 
~ constant in Flory and Fox equation 
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CALCULATION OF VISCOMETER CONSTANTS 
The equation used in determining viscosity is: 
_1_ = ( = At - B/ t p 
where }'( is Viscosity, centipoises 
p is density, gram/cc 
r is kinematic viscosity, centistokes 
i is efflux time, seconds 
A, B are constants 
A and B were computed from the efflux times of two fluids of 
known viscosity and density (oils S-3 and S-20). 
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APPENDIX 2 
CALCULATIONS OF INTRINSIC VISCOSITY 
AND HUGGINS CONSTANT 
Density of dilute solution: 
/}) = weight of solution volume of solution 
where weight is gram/cc, volume is·cc. 
Concentration of dilute solution: 
where 
c = c(undiluted solution) x V(undiluted solution) 
V(undiluted solution) + V(total solvent added) 
V(undiluted solution) = weight of undiluted solution {J of undiluted solution 
V(solvent) = Weight of solvent f of solvent 
Viscosity Calculation: 
~ = (At - ~) x f 
Intrinsic viscosity and the Huggins constant: 
~sp = J)'l} + k'tvtic 
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These are calculated by a least squares analysis of the linear portion 
of the data assuming no error in the concentration: 
Let Y V(sp · X = c c ) 
2 .:;: Xi Yi { E Xi)j~ Yi) 
Slope = k 1 {'{'J = ;c::-=------___:n':;,----
;z::(Xi)2 (.:E. Xi) 2 
-z.n 
Intercept = 1J{J = ~ Yi - k '1. t(I :E. Xi 
n 
k' = • slope 2 
~ntercept· 
Data points in the apparent linear region were determined graphically 
and were used for the preliminary least squares analysis. If the data 
could be fit better with a parabola, the highest concentration point 
was omitted. n1is procedure was repeated until a linear fit was 
55 
obtained. Generally, the graphical estimation of the number of points 
to include was correct. 
The F statistic (at the 95 per cent confidence level) was used to test 
the linear fit of the data. 
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Table 8 
Viscosity Concentration Data for ?o1ystyrene in Cyclohe,xane 
at 34.5°C 
Mw c K~o1 }{ sp/ c }\r JA~r/c 
d/dl cp. d1ig 
900 6.4606 0.9953 0.0460 1. 2972 0.04027. 
4.5186 0. 9202 0. 041+1 L1993 0.04021 
3.1524 0.8708 0.0428 1.1349 0.04015 
2.0624 0.8334 0.0418 1.0862 0.04010 
1500 7.0795 1.0661 0.0550 1.3894 0.04645 
5.2966 0.9819 0.0528 1.2797 0.04655 
4.2153 0.9322 0.0513 1.2162 0.04644 
2.9677 0.8800 0.0495 1.1470 0.04618 
2.1970 0.8499 0.0499 1.1077 0.04654 
10000 6.5576 1.3716 0.1201 1. 7876 0.08858 
4.8933 1.1882 0.1121 1.5485 0.08937 
3.9785 1.0973 0.1081 1.4300 0.08992 
3.1066 1.0128 0.1030 1.3200 0.08936 
1.9693 0. 9155 0.0981 1.1932 0.08969 
19600 5.6399 1.5268 0.1755 1. 9898 0.12200 
4.4287 1.3412 0.1689 1.7480 0.12610 
3.5596 1.1991 0.1581 1.5628 0.12542 
2.6628 1.0697 0.1480 1.3941 0.12477 
2.0352 0.9937 0.1450 1.2951 0.12706 
1.4911 0.9276 0.1401 1.2089 0.12723 
1.0288 0.8733 0.1351 1.1381 0.12655 
0.7479 0.8428 0.1316 1.0984. 0.12552 
51500 2.8666 1.3284 0.2551 1. 7313 0.19147 
2.3379 1.2050 0.2440 1.5705 0.19306 
1.9422 1.1176 0.2351 1.4566 0.19365 
1.5057 1.0308 0.2281 1.3435 0.19608 
1.1279 0.9457 0.2165 1.2442 0.19371 
0.8611 0.9076 0.2123 1.1828 0.19498 
160000 1.6595 1.3530 0.4560 1.7634 0.34181 
1.3552 1.1250 0.4306 1.5836 0.33919 
1.0937 1.1217 0.4223 1.4619 o. 34718 
0.8356 ·1.0253 0.4024 1.3362 0.34689 
0.6162 0.9532 0.3871 1. 2385 0. 34717 
0.4328 0.8903 0.3704 1.1603 0.35355 
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Table 8 (cont.) 
Mw c J\ sol Y{sp/c i\r lt,l'{_r I c 
633000 0.9956 1.4702 0.9201 1. 9161 0.65314 
0. 654-4 1.1841 0.8301 1.5432 0. 66300 
0.5519 1.1082 0.8051 1.4443 0. 66615 
0.4382 1.0279 0. 7750 1.3396 0.66722 
0.3371 0.9613 0.7501 1.2529 0. 66873 
1770000 0.4704 1.2907 1.4501 1.6821 1.10557 
0.3870 1.1800 1.3901 1.5380 1.11230 
0.2877 1.0579 1.3164 1.3787 1.11631 
0.1886 0.9483 1.2501 1.2358 1.12244 
0.1157 0.8730 1.1903 1.1377 1.11515 
TABLE 9 
VISCOSITY CoNCENTRATION DATA FOR POLYSTYRFNE,MW=1.50Xl04,IN TOL.UENE f\T 10.0 c 
c )\soL Y\.R )\sP/C l{ SP /C ( i( ) C/CO K<K>c CM 0. 6 8 
G/Dl CENTIPOISE DL/G 
1.0593~~ .. , 0.5923 l. l't30 0.1350 1.0723 0.1235 0.074't 73 'l 
l.<J213;j( 0 .. 6602 1.2741 0.14?.5 1.1119 0.2242 0.1351 .1330 
3.2q~a~¥ 0·. 70 08 l.506R o. lf:519 1 .. 22?.4 0.3A39 0.2113 2277 
\l 'r.7727~ 0.930C) l. 79.65 0.1669 1.3257 0. 5 56 1t 0.3153 32</<) 
6.2920 1.1729 2.2638. 0~2009 t.5<J51 0 .. 7335 0.4tt?O 4320 
10.1320 1.8768 3.5256 o. 2lt93 1.979CJ 1.18ll 0.7118 7005 
16.2390 3.5373 6.8269 0.3588 2.81)00 1.8930 1.ilt0fl ll22R 
18.1'-.610 lt. 6073 8.R9?.0 0.'-1229 3.359?. 2.1754 l.3ll0 12903 
?.R.96l0 13.654A 26.3513 0.8754 6.9534 3 .. 3761 2.0~1t6 20 021t 
AND ( l( ) Vl "*LINEAR REG ION USED FOR CALCULATING K1 , K11 C/.) 
' ' 
TABLE 10 
VTSCOSITY CONCENTRATION DATA FOR POLYSTYRENf.,MW-=5~15Xld+ ,IN TOLUENE AT 30 .. 0 c 
c !(soL }\R }\sP /C r(sP/C()\) C/CO K(Y()c CM 0. 6 8 
G/DL CENTIPOISE DL /G 
. -:hi. 
o. 5't8 8 0.6035 1.1647 0.3001 1.0709 0. l 1t-2 11" 0.0690 P.76 
0. 89 fi6·~ o.n635 1.2804 0.3230 1.1134 0.2332 0.1131 14 '37 
l.3Q so* 0. 7 55.1 1. 1t577 0.328t 1.1709 0.3619 0.1755 2231 
2.l249i\\ 0.90f30 1.7~7.2 0.3540 1.2633 0.5513 0. 26 7't 3199 
2.7RQ6 1.065<) 2.0570 ·o.3789 1.3527. o.·r23R 0.3510 4't67 
4.1840 1.'555<) 3.0028 0.'t-7Fl7 L7024 1. 089't 0.5106 66'03 
7.1~580 3 .. 023'+ 5.8352 0.6483 2.3056 1.9418 0.9102 11931 
lo.25?0 11..?.486 21.7097 l. 7 7 1t3 't-5317 4.2314 1.9fl3/+ 259Q8 
2'5.6230 39.1R70 75.6306 2.<1126 l0.35R2 6.6713 3.1270 409Bi3 
<r(). l .. n 
·* REG ION US En FOR CALCULATING K 1 , K" 
'-'? LINEAR AND 
TABLE ll 
VISCOSITY CONCENTRATION DATA FOR POLYSTYRENE,MW=l.60Xl05 ,IN TOLUENF. AT 30.0 c 
c Y\soL r{R Y(SP/C )\sP/G ( Y() C/CO K<Y\.>c " "8 Cl-~u • o 
G/DL CENTIPOISE DL/G 
0 .. 3335 ~ 0.6376 1. 230/t 0.6901 1.0410 0. 2.050 0.07(')3 '1153 
o .. 5089~~ 0.7079 1.3661 o. 7193 l. 0Fl33 0.3129 0.1210 1760 
0.6972 ~ 0.7891 1.5228 0.7499 1.12<)'" 0.428f> 0.1657 2 411 
I :j.. 0. 936 ·~ 0.89'?2 1.7354 0.7851 l.lFl27 0.57?7 0.222f> 3738 
2.0909 1.6.307 3.1473 1.0269 l. 6060 1.2180 0.5134 7?30 
2.9701 2.3702 4.5745 1.2031 l.8Fil7 1.7590 0.7295 10273 
4.<:1010 L,. T~ 60 9.1405 1.6610 2.5Q77 2.9015 1.2031 16947 
R.4')l0 11.1891 21.5953 2.4370 3.8114 5.0033 2.0750 292?.2 
10.6? 1t0 20.3~26 39.2?.25 3.51)76 5.6101 6.3076 2.61';;9 361340 






VISCOSITY CONCENTRATION DATA FOR. POLYSTYRfNE,MW~l.77Xl~ ,TN TOLUENE AT 30.0 c 
c Y{soL Y\R r\sP /C Y{sP!cd'() C/CO KCY{>c CM0.68 
G/Dl CENTIPOISE DL/G 
0.0704~ 0.6612 1.2760 3.9209 t.o~nz 0.?.360 0.0823 1:24R· 
0.1071'* 0.7440 1.431)9 4.0697 1.1743 0.3590 0 .. 125?. 1898 
0 .1L~6't 1t;; 0.8392 l. 619'~ 't-2319 1.1691 0. 1t907 0.1712 2595 
. "" O.l79R 0.9267 1.7884 4. 3 8't9 1.2114 0.6026 0.210?. 1187 
0.3580*' 1.4703 2.8374 5.1325 1.41~0 1.1999 O.'tl86 6 ":Jlt6 
0.3830 ·l.A269 3.1399 5.5872 1.5438 l.2H34 0. '•'t 77 6789 
0.6690 3. 012't 5.8139 7.1956 1.9883 2.2'~18 0.7821 llB59 
1.3780 9.305't 17.9594 12.3073 3 .. 4007 4.6176 1.6108 z tf.lt7. 7 
2.41.60 3 3. '5 800 64.80C)3 26.4111 7 .. 7..979 8.095~ 2.R242 421127 
AND (Y() 0' *LINEAR REGION USED FOR CALCULATING K ' K.' 
,_. 
TABLE 13 
VISCOSITY CONCENTRATION DATA FOR POLYCARBONATF.,MW;3.23Xl04 , IN METHYLENE CHLORIDE 
AT 25.0 c 
c }(soL KR · YlsP/C fuPtC (Y() C/CO K1Y\) C CMO.b8 
G/OL CENT1POISE OL/G 
0.3230*- 0.5024 1.1957 0.~060 1.0745 O.l6B7 0.07'56 3 "{7 
0.4460~ 0.5384· 1.2770 0.6210 1.1011 0.23?9 0.1044 5£10 
o. 6990* 0.6162 1.4614 0.6601 1.1705 0.3650 0.1636 815 . 
1.1190~ 0.7569 1. 79S2 . 0.7101. 1.2SQ1 0.584R 0.1-621 1305 
3.2720 l.B928 4.5839 1.0953 1.<1421 l.70A7 0.7658 3 R lit 
6.7480 6.8089 16.4897 2.2955 't. 0699 3.5240 1..5794 7B67 
CJ.4970 16.0756 38.9316 3.9941 7.0617 4.9595 ?..?.?.23 11072 
11.9730 31.7110 76.7962. 6.3306 11.2~45 6.2S26 2.8024 1395 8 
:Jt.LINEAR REG InN USED FOR CALCULATING K' K" 
' 
AND <K> 0'· 
N 
TABLE 14 
VISCOSITY CONCENTRATION DATA FOR POLYCARBONATE,MW=4.40Xl04 ,IN METHYLENE CHLOR fDE 
AT 25.0 c 
c Y( SOL }\R >( SP/C )'\SP I C ( }\ ) C/CO Kcr{>c CMO. 6 8 
G/Dl CENTIPOISE OL/G 
·O. 3450-J\i. 0.5425 1.2867 O.R310 1.1220 0.?366 0.12:19 LtR 8 
. o. 43?.0:* 0.5790 1.3732 0.8640 1.1666 0.2961 0.1552 611 
0.6260-A<. 0.65 86 1.5620 0.8978 1.2122 O.lt293 0.?.249 BHf) 
o. 8350 + 0.7609 1.8045 O.C/63'5 t.3009 0.5727 0.2999 118? 
1. U90 ~· 0.9127 2. l6 1t-7 1.0408 1..4053 0.1674 0,.lt020 1583 
1.6210 1.1.677 7. 82 79 1.1276 1.57.2f) 1.1116 0 .. 5!:322 ??9"t-
2.2910 1 .. 7208 lt.1675 l.1R26 1.866P, 1. 5 71.0 O .. f\229 3 ?'t2 
'+-2490 3 .. 8351 9.287R 1.9505 ?..6337 2.91'17 1.?262 6012 
6.3580 8.6205 20.8771 3.1263 '+-2213 lt.3599 2.2817 8997 
C·""• 
(....0 
~LINEAR REG TON USED FOR CALCULI\ T r NG K' K'' AND ( Yl) 
TABLE 15 
5 
VISCOSITY CONCENTRATION DATA FOR POLYCARBONATE,MW=l.R9Xl0 ,IN METHYLENE CHLORIDE 
AT 25.0 c 
c ){soL )\R 'Y(sP /C ;(_SP/C ( Y(_) C/CO K(Y(>c Cr\10. 6 8 
G/DL CENTIPOISE OL/G 
O.ll30j!C 0.5577 1.~227 ?..85ol 1.1126 o.?o8o O.l2ll 4'"1R 
0.1650* 0.6332 1 • .5018 3 .. O't-1 0 l.lR47 0.3922 0.1 T(O 639 
0. ?lt80"'- 0. 7 64 0 1. 8118 3.2734 1.2752 0.589') 0. 26 61 960 
0.3610 * 0.9620 2.2815 3.5500 1.3829 0.8580 0. 3H7
1t- 139 (I 
0.4320 1.1035 2.67?..4 3.8713 1.5081 1.0268 0 .. 4635 1617 
0.5780 1.4577 3.5303 1'h 3 777 1. 7054 1.3738 0.6202 223A 
0.7Lt20 1.9766 4.7870 5.1 ov~ l.9882 1.7636 0 .. 7962 2871 
1.0190 3.1004 7. 50 86 6.3872 2.41182 z • ..-,zzo 1.093f.t 39't6 
1.. 74 00 8.9179 21.5972 11.0374 1t-. 6114 4.1357 " 1 .. 8670 6 "f'3 R 
0\ 
·~' 





VISCOSITY CONCENTRATION DATA FOR POLYCARBONATE.MW=2.80XlOS ,IN METHYLENE CHLORIDE 
AT 25.0 c 
c \\_soL }\R r\SP/C KsP 1c 'Y\. > C/CO KCt\)C CM0.58 
G/OL CENTIPOISE OL/G 
.. 
0.0650:,tc 0.5176 1.2275 3.-':>007 1.09113 0.1930 o.Of3fl6 17.9 
0.097.0 ~ 0.56?9 1.3:3'50 3.641~ 1.1357 0.2731 0.1?.'54 '-t {) " 
0.1470~ 0 .. 6560 1.5559 3.7815 1.1794 0 • 1t364 0.2003 743 
o. zoeo·* 0.7834 l.R580 4.1252 1.? 866 0.617~ 0.2R1't 1052 
0. 2740 ~ . 0.9324 ?..2114 4.4?11 1. ·:naq 0.8131) 0.171' .. l30A 
0.3460 l.OB66 2.6315 4 .. 71'52 1.4707 1.0?.71 0.4714 ] 750 
0.4450 1.3'3E.Vt 3. 21tl3 5.3nS7 1.5710 1.3?10 0.606'3 2 251 
1 • 09 30 4.9992 12. 1071 10.1620 3.1697 3. 24't6 l.'tl393 5527 
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